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ABSTRACT

Effects of various nutritional and environmental factors. on
growth and enterotoxin synthesis by Staphylococcus aureus: in
model systems and foods are reviewed. Factors discussed include
effects of inoculum size, competing microflora, gaseous atmos-
phere, carbon source, temperature, pH, sodium chloride, water
activity, mineral ions and sublethal stress. Areas where additional
research is needed are also discussed.

Despite extensive research, Staphylococcus aureus re-
mains a major cause of bacterial food poisoning in the
. United States. During the period 1975-1979, 540 food
poisoning outbreaks were reported to the Centers for Dis-
ease Control, with S. aureus responsible for 28% (153 out-
breaks). Among these reported staphylococcal outbreaks,
the foods implicated were consumed at home (27%), res-
taurants (19%), schools (14%) and other known or undeter-
mined ‘localities (40%). Mishandling of foods in foodser-
vice operations appears to be a major cause of outbreaks,
followed by mishandling in the home. Few outbreaks ap-
pear to be directly attributable to mishandling during food
processing operations.

The primary factor contributing to staphylococcal food
poisoning outbreaks was improper holding temperatures,

with the initial contamination often being traced to poor:

personal hygiene by food ‘handlers. During 1975-1979,

73% of the staphylococcal outbreaks involved consumption -

of foods containing meats (red meat, poultry, or fish), with
ham being involved in 32% of the reported . incidences.
[The above information was compiled from Centers for
Disease Control Annual summaries (19-23).1 3
The mechanism of staphylococcal food poisoning invol-
ves production of an enterotoxin which can elicit the dis-
case response in the absence of viable cells. A number of
staphylococcal enterotoxins have been differentiated by
serological techniques, and are classified by the letter de-
signations, SEA through SEF (10,11). SEC has two differ-
ent forms, C; and C,, which have different ‘isoelectric
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points and immunological reactions (9). The enterotoxins
are composed of single polypeptide chains having a
molecular weight of approximately 30,000 daltons (9). The
various enterotoxins are strain-specific, though it is not un-
usual to isolate strains capable of synthesizing multiple
toxin serotypes. In 200 S. aureus strains isolated from
foods, Payne and Wood (81) found 62.5% to be toxigenic,
with SEA-producing strains being the most abundant
(47.5%) and SEB-producing isolates being the least com-
mon (3.5%). Payne and Wood (81) also reported that 21%
of the tested strains were capable of producing multiple en-
terotoxin serotypes. In contrast, Wieneke (102) found that
almost half (47.7%) of the S. aureus strains isolated from
raw and cooked foods produced SED; SEC (35.1%) and
SEA (26.1%) production was less common. Of 113 strains
isolated from food poisoning cases, 77.9% produced SEA,
42.7% produced SED, and 40.7% formed multiple toxin
types. The pattern of enterotoxin production was different
in S. aureus strains isolated from hospital patients (102),
with SEA, SEB, SEC and multiple toxin production being
detected in 44.4, 27.1, 33.3 and 27.9% of the hospital iso-
lates, respectively. Most S. aureus strains isolated from
processed poultry, poultry processing plants and farms pro-
duced SED, while only a small number produced SEA
(39). Reali (83) reported that 82% of the S. aureus strains
isolated from healthy and infected individuals were able to
produce either SEA, SEB, or both; however, the majority
(68%) were SEB-producers. Reali (83) also examined S.
aureus isolated from foods not implicated in food poison- -
ing outbreaks, and found that 47% were enterotoxigenic,
with SEB-producers again being the predominant toxin
type identified. The data. of Payne and Wood 81,

-“Wieneke (102), Harvey et‘al. (39) and Reali (83) indicate

that no generalization is possible concerning the types of
enterotoxin-producing strains that may be isolated from
foods or hospital cases.

Staphylococcal enterotoxins are noted for their heat re-
sistance, and typically they cannot be inactivated by nor-
mal heat processing of foods, even though the microor-
ganism is readily destroyed. The specific kinetics of en-

‘terotoxin inactivation is dependent on heating temperature,

pH and heating menstruum (92), and presence of pro-



teinaceous materials protects against thermal inactivation
(60). Reichert and Fung (84) have also shown that upon
storage, heat inactivated SEB can undergo re-naturation to
its biologically active form.

Staphylococcal enterotoxins have also been implicated
as possible suppressors of immunoregulatory mechanisms.
Smith and Johnson (89) reported that both SEA and SEB
inhibited the primary in vitro plaque-forming response of
mouse spleen cells against sheep erythrocytes, indicating
that the enterotoxins act as immunosuppressants. It has
also been reported that SEA is a potent T-lymphocyte
mitogen, inducing mitogen-type interferon synthesis in
mouse spleen cells (53) and human peripheral lymphocytes
(59). The ability of SEA (and probably the other
staphylococcal enterotoxins) to interfere with the function-
ing of the immune system suggests that there may be a sup-
pression of immune response after a food poisoning
episode. This would further suggest that ingestion of §. au-
reus enterotoxins may have health ramifications beyond
that of a transitory food poisoning. The immunotoxicology
of foodborne toxins has been reviewed by Archer (3).

Antibodies against staphylococcal enterotoxins can be
detected in the sera of both healthy individuals and those
suffering from S. aureus infections. Jozefcszyk (54) found
found that 22.0% of 300 healthy adults were positive for
antibodies against staphylococcal enterotoxins (A, B, C)).
Jozefcszyk (54) also examined patients with staphylococcal
septicemia, respiratory infections, purulent skin infections
and wound infections, and found that 49.2% had enteroto-
Xin-positive sera. Anti-SEB and anti-SEA positive sera
were found in 35.6 and 15.5% of the infected patients, re-
spectively, while in the healthy individuals, the values
were 15.3 and 3.3%. The relationship between the pres-
ence of antibodies against staphylococcal enterotoxins and
their immunosuppressive activity remains to be investi-
gated.

As previously indicated, the most probable source of S.
aureus contamination of food is people. A large segment
of the population harbors the microorganism as part of the
mmicrobiota of the nose, throat and hands, and food hand-
lers can readily contaminate raw ingredients, equipment or
finished product (13). Examining nasal swabs from
healthy individuals for SEA- and SEB-producing strains of
S. aureus, Reali (83) found that 76% of the isolates were
capable of producing one or both of the enterotoxins, with
SEB-producing strains being the predominant toxin type
identified. Reali (83) concluded that S. aureus inhabiting
the nasal passages is likely to be a major source of S. qu-
reus contamination of foods.

Generally, growth of S. aureus is necessary for enteroto-
Xin production, though toxin production has been observed
in experimental resting cell cultures (68-70). However, en-
terotoxin production does not always accompany growth,
particularly in food products. It is not clearly understood
why specific food products permit growth but not enteroto-
xin formation. Identification of key parameters that prevent
enterotoxin synthesis in these foods would clearly be useful
in formulating other products such that they would be re-
sistant to potential S. aureus food poisoning problems. The

objective of the present review is to summarize research
that has characterized how various parameters of foods af-
fect growth and enterotoxin synthesis by S. aureus, and to
identify where additional research is needed.

INOCULUM SIZE AND
COMPETING MICROBIOTA

Theoretically, a single S. aureus cell should be capable
of initiating growth and enterotoxin production in food if
growth conditions are adequate for the microorganism.
However, for S. aureus to grow to large populations in a
food product, it must be capable of competitively overcom-
ing other microorganisms that may be present. A key en-
vironmental determinant is temperature, and staphylococci -
do not grow in adequately refrigerated foods (7,36). In
temperature-abused heat-processed foods, particularly
those to which salt or some other water activity (ay) reduc-
ing agent has been added, S. aureus present as a post pro-
cessing contaminant will have a competitive edge due to its
ability to tolerate lower a, values as compared to most
other microorganisms associated with foods (74). How-
ever, in temperature-abused raw foods, small numbers of
S. aureus may not be competitive, and thus inoculum size
and intrinsic microbiota become important determinants of
a food’s inherent resistance to growth and enterotoxin pro-
duction by S. qureus.

Various investigations have demonstrated that experi-
mentally, relatively small inocula of S. aureus can lead to
growth and concomitant enterotoxin production. Using
cooked and raw pork and beef, as well as canned ham,
Casman et al. (/8) found that inoculation with approxi-
mately 250 S. aureus/cm® of meat surface resulted in
growth and SEA production at 30°C. In this study, raw
meat samples were obtained in a way to minimize compet-
ing microorganisms. Genigeorgis et al. (33,34) also ob-
tained growth and SEB/SEC production on cooked beef,
pork and ham in conjunction with smail inocula (10%g),
depending on the salt, nitrite, PH and temperature levels of
the meat. Genoa salami meat mixture inoculated with 103,
10° or 107 §. aureus/g supported growth at all inoculum
levels; however, SEA production was detected only with
the 10° and 107 inocula (67). Inoculating whole milk, skim
milk, whipping cream, or half and half with 103
staphylococci/ml, Ikram and Luedecke (50) found that
growth and SEA production occurred in conjunction with
a 37°C incubation, but little growth and no enterotoxin
were detected at 22°C. Ibrahim et al. (49) found that when
pasteurized milk inoculated with 5-80 S. aureus/ml was
used for Cheddar cheese production in conjunction with an
inactivated starter, SEA was detectable in cheeses ripened
at 11°C. Lee et al. (63) reported that inoculating: pasta
dough with 50-100 staphylococci/g resulted in growth and
SEA production at both 25°C and 35°C. Thus, it appears
that at least experimentally, fewer than 100 S. aureus/g can
grow in foods to populations able to produce enterotoxin.

Generally, low levels of S. aureus are not competitive in
raw foods, and a number of microorganisms associated
with foods influence growth of S. aureus in associative



culture. When inoculated into media containing a second
microbial species, S. aureus can be inhibited, stimulated or
unaffected by the effector species (37). At a ratio of effec-
tor organism to S. aureus of 100:1, coliforms, Proteus spp.
and lactic acid bacteria inhibited growth of staphylococci,
with the inhibitory effect being more pronounced at 15
than at 30°C (28,55). Similarly, Pseudomonas and Ar-
chromobacter species inhibited staphylococcal growth
more effectively at 10 than 22°C (88).

Haines and Harmon (38) demonstrated that-when Strep-
tococcus lactis (10°/ml) was grown in associative broth
culture (30°C) with S. aureus (10°/ml), the staphylococci
increased to approximately 10%ml, but no enterotoxin pro-
duction was detected. On the other hand, associative cul-
tures of S. aureus and Pediococcus cerevisiae allowed S.
aureus to increase from 10° to 10%/ml. However, the pres-
ence of P. cerevisiae did result in an approximate 20-fold
decrease in levels of SEA, SEB and SEC produced, and no
SED production was detected. Using associative cultures
of S. aureus and Pseudomonas aeruginosa, Collins-
Thompson et al. (25) found that there was a marked de-
crease in SEB synthesis. The staphylococci only grew for
a short period, and they lost their tolerance to 7.5% NaCl.

This loss of salt tolerance suggests that the cells had incur-

red membrane damage or injury, presumably due to the
production of staphylolytic enzymes by the pseudomonad.
Bluhm and Ordal (I2) have shown that injured S. aureus
(as determined by loss of salt tolerance) have severely lim-
ited catabolic and anabolic activity. '

When partially purified SEA was added to microbiologi-
cal media inoculated with various microorganisms, Chor-
dash and Potter (24) found that Bacillus, Pseudomonas,
Escherichia, Candida, and Saccharomyces species had no
effect on recoverable toxin levels. However, species of
Lactobacillus, Streptococcus, and Leuconostoc decreased
SEA levels. This apparent destruction of 'SEA was not re-
lated to the decreased pH associated with lactic acid cul-
tures since uninoculated SEA-containing media acidified
with lactic acid to pH 3 to 6 had no effect on recoverable
enterotoxin. : ,

"McCoy and Farber (65) reported that when 2 variety of
common food bacteria (both gram positive and gram nega-
tive) were added singly to beef or ham slurries, - S. aureus
growth was inhibited, or SEA production was decreased
with little or no effect on growth. McCoy and Farber (65)
also reported that S. aureus grown in the presence of Bacil-
lus cereus resulted in increased SEA production. In low

count (10%ml aerobic count) raw milk and pasteurized .
milk, Donnelly et al. (29) found that S: aureus grew and -

produced SEA at 20, 25 and 30°C, but not at 10°C. In high
count (5 X 10%ml) raw milk, SEA production was only de-

tected in conjunction with a 35°C incubation. Tatini et al.

(94) reported that SEA production was not detected in blue .

cheese manufactured from milk inoculated with S. aureus,
even though bacteriophage inactivation of the starter cul-
ture allowed staphylococci to reach 5% 107/g. Tatini et al.
(94) attributed the lack of SEA synthesis to the presence of

the microbiota of the raw milk; however, the possibility
that Penicillium roqueforti Was inhibiting enterotoxin

biosynthesis was not investigated. Using culture media,
milk and ham, Noleto and Bergdoll (79) found that when
enterotoxigenic S. aureus was grown in conjunction with
nontoxigenic strains, SEA, SEB, and SED production was
evident, even though the nontoxigenic strains were present

. in large excess.

Additional research is needed to more fully determine
the effect of competing microorganisms on production or
stability of staphylococcal enterotoxins, particularly in
low-acid foods. In high acid products where acidification is -
achieved by fermentation by lactic acid bacteria, additional

research should be directed for optimizing their inhibition
of S. aureus, thereby more fully assuring the safety of
these products. Furthermore, lacic acid starter cultures are
reported to produce antibiotic-like substances (4), and it is
possible that this characteristic could be used to inhibit
staphylococcal growth and/or enterotoxin formation even
in low acid products.

ATMOSPHERIC COMPOSITION

Various atmospheric compositions have been reported to
affect growth and enterotoxin production by S. aureus;
however, the results have often been contradictory, and de-
finitive studies are lacking. Metabolically, S. aureus is
classified as a facultative anaerobe that grows more rapidly
and abundantly under aerobic conditions (14,41). There-
fore, aeration would be expected to have a positive effect
on growth and subsequent entertoxin formation. McLean et
al. (66) and Dietrich et al. (27) found that aeration by shak-
ing at 37°C allowed S. aureus iricubated in air to preduce
approximately 10-fold more SEB as compared to similar
cultures incubated in an atmosphere of 95% N +5% CO,.
Use of aerated conditions (shaken flasks) also appears to
increase the yield of the other enterotoxins. For example,
Woodburn et al. (104) found that shaken incubation greatly
increased SEA, SEB and SEC production as compared to
static incubation.

Dissolved oxygen (DO) levels appear to be more in-
fluential in controlling growth and enterotoxin formation
than the actual rate of aeration or agitation. At 100% DO,
growth of S. aureus at 37°C was maximal, but there was
no synthesis of SEB (16). Decreasing the DO to 50% de-
creased growth (as measured by Klett meter), but enteroto-
xin production increased markedly. ‘Maximal SEB produc-
tion occurred in conjunction with a DO of 10%. In contrast
to SEB, synthesis of SEA appears to be more directly re-
lated to growth of S. aureus and less influenced by en-
vironmental conditions. Carpenter and Silverman (17) did
not observe an optimal DO for SEA production, and con-
cluded that SEA synthesis is independent of this parameter.
The data obtained with culture media indicated that abun-..
dant toxin production was not obtained in the absence of
aeration, though small amounts of enterotoxin were found

* in conjunction with low oxygen tensions.

In foods, S. aureus growth and enterotoxin formation

" have been observed under anaerobic conditions; however,

like culture media, enterotoxin yields are greater under

_ aerobic conditions. Slices of Canadian bacon inoculated



with §. aureus and stored at 37°C in air, N,, vacuum
(flushed with N,), and 5% CO,+95% O, supported en-
terotoxin formation regardiess of atmospheric composition
(95). However, more toxin was produced in those atmos-
pheres containing oxygen. Genigeorgis et al. (33) reported
that SEB was produced in hams incubated at-22 and 30°C
under both aerobic and anaerobic conditions, with growth
and toxin production occurring more rapidly under aerobic
conditions. It was also observed that even when hams were
held under ideal conditions for S. aureus (39°C, pH 5.3,
NaCl in brine 9.2%), SEB was not detected in all samples
(regardless of atmosphere), even though the S. aureus
count was high. While growth of S. aureus in hams may
be anticipated, actual production of enterotoxin in any par-
ticular sample could not be predicted (33). Since ham is a
major source of staphylococcal food poisoning, the exact
parameters leading to enterotoxin production in this prod-
uct should be more fully elucidated.

Prawns inoculated with S. aureus and incubated in air at
<26°C had detectable SEB production after 7 d (5). How-
ever, no SEB was detected when prawns were stored in an
atmosphere of 95% N, + 5% CO,. Using a model sausage
system (beaker sausage), Barber and Deibel (6) demon-
strated that S. aureus could produce SEA at 37°C within
24 h in atmospheres containing 10, 15 and 20% O,. At 5%
0,, toxin was detected after 48, but not 24 h. In a 100%
helium atmosphere, SEA was not detected within 120 h,
even though S. aureus was at a level capable of supporting
toxin production (5X107/g). Lee et al. (61 ) studied
staphylococcal growth and enterotoxin production in
Genoa salami. At initial S. aureus levels of 10° or 107/g
(but not 10%), SEA was detected on the surface of the
salamis (outer 10 mm of 90-mm sausage), but not in the
core (inner 70 mm). S. aureus counts were always higher
at the surface, reflecting the limited O; tension in the inter-
ior of the product. It has also been shown that nitrite more
effectively inhibits S. aureus under anaerobic conditions
(14,90). .

Bennett and Amos (7) examined the effect of N, storage
on enterotoxin formation in sausage, turkey and hamburger
sandwiches that had been inoculated with enterotoxigenic
§. aureus at a level of 30 cells/g. No toxin formation was
detected after 31 d when the sandwiches were incubated at
8 or 12°C. Enterotoxin production (SEA, SEB, SEC, SED,
SEE) did occur in N,-packed sausage and hamburger
sandwiches incubated at 26°C; however, even at this tem-
perature, the turkey sandwiches did not support enough
growth to result in detectable levels. Bennett and Amos (7)
also found that sandwiches containing detectable levels of
enterotoxin were organoleptically acceptable, and con-
cluded that proper refrigeration of these products is necded
to avoid potential food poisoning outbreaks. .

It appears that alteration of atmospheric composition can
influence the potential for enterotoxin production, particu-
larly when oxygen is eliminated or reduced. Additional re-
search is needed to further characterize this effect and thus
better use this parameter for controlling staphylococcal
food poisoning. Further work is also needed to determine
how other atmospheric compositions affect the microor-

ganism. It is expected that use of modified atmospheres
(containing CO, levels =20%) for preservation of fish and
meat products will increase in the near future (29a, 103).
Therefore, determination of how CO, levels greater than
5% affect S. aureus growth and enterotoxin production
may be a worthwhile avenue for further research.

CARBON SOURCES

Addition of readily metabolizable carbon sources such
as glucose or pyruvate to casein hydrolysate medium rep-
resses synthesis of SEB (76,78). Similarly, addition of glu-
cose or glycerol to a chemically-defined medium resuited
in a marked decrease in biosynthesis of SEA, SEB and
SEC (52). Metabolism of glucose by S. aureus resulted in
a marked decrease in pH (<5.0) due to the incomplete oxi-
dation of glucose, but Morse et al. (78) suggested that the
repression of SEB synthesis was not due to the altered pH.
In contrast, Metzger et al. (72) suggested that pH rather
than catabolism of glucose was the key factor involved in
glucose-associated inhibition of SEB synthesis.

Conditions favoring the oxidative decarboxylation of
pyruvate favored repression of SEB synthesis (76). Elimi-
nation of thiamine from the medium prevented this
metabolic reaction, and also prevented repression of en-
terotoxin synthesis by glucose or pyruvate. Morse and Mah
(77) found that glucose repression of SEB synthesis could
be reversed by abruptly shifting aerobic cultures to
anaerobiosis (95% N,+5% CO,). This derepression of
toxin formation could be prevented by addition of nitrate to
the cultures that had been shifted to anaerobic conditions.
Under aerobic conditions, nitrate did not potentiate the rep-
ressive effect of glucose. Presumably the effect of nitrate
relates to its ability to replace oXygen as a terminal electron
acceptor.

Employing agitated cultures, Jarvis et al. (52) found that
glucose or glycerol severely repressed SEA, SEB and SEC
production by S. aureus grown in a chemically defined
medium. When a fermenter was used to maintain the pH at
6.5 and keep the level of glucose or glycerol constant, rep-
ression of enterotoxin synthesis still occurred, though to a
lesser degree. These results suggest that repression of en-
terotoxin production can only be partially attributed to de-
creased pH.

Iandolo and Shafer (48) reported that addition of 2-
deoxyglucose (2-DOG), a nonmetabolizable glucose
analog, inhibited both growth and SEB synthesis. Unlike
glucose, inhibition by a 2-DOG was permanent. Simul-
taneous addition of glucose and 2-DOG led to a partial re-
versal of the repressive effect of 2-DOG on SEB synthesis.
Addition of cyclic 3’, 5’-adenosine monophosphate
(cAMP) did not relieve the repressive effects of either glu-
cose or 2-DOG. Iandolo and Shafer (48) also studied the
effect of the nonmetabolizable glucose analog, alpha-
methylglucoside (AMG), on SEB synthesis by S. aureus.
Surprisingly, AMG had a slight stimulatory effect on SEB
production. While glucose does suppress SEB synthesis, it
does not appear to act in a manner similar to the catabolite
repression of B-galactosidase in Escherichia coli (82). This
supposition is based on the observations that (a) 2-DOG



and AMG produce a differential response, and (b) suppres-
sion of SEB production was not reversed by addition of
cAMP (48). :

Keller et al. (58) studied the effect of amino acids as en-
ergy sources for growth and SEB production by S. aureus.
Glutamate, proline, histidine, aspartate, alanine,
threonine, serine or glycine acted as energy sources for the
microorganism when they were added individually to a
salts-vitamin-amino acid medium. When the concentration
of the amino acid serving as an energy source was in-
creased from O to 10 mM, there was an increase in cell dry
weight by 1.1- to 2.1-fold for all of the amino acids except

glutamate which produced a 4-fold increase. Increasing.

proline, histidine, alanine, or serine levels from 0 to 10
mM produced only a slight increase in SEB synthesis,
while elevating the concentrations of aspartate, glycine,
threonine or glutamate depressed SEB production by 25,
54, 58 and 88%, respectively (58). Inhibition of SEB syn-
thesis by amino acids does not appear to be similar to that
associated with the use of glucose as an energy source.

It does not appear as if investigations have been carried
out to determine if sugars or other energy sources could be
used to suppress toxin formation in foods. Studies examin-
ing the effect of glucose and other energy sources that rep-
ress toxin formation have been of short duration (<20 h),
and have been limited to using microbiological media.
While at present, carbon source suppression of enterotoxin
synthesis is only a laboratory phenomenon, it may have ap-
plicability for controlling S. aureus enterotoxigenesis in
food, and warrants study in food systems.

TEMPERATURE

Tatini (91) summarized the cardinal temperatures for S.

aureus growth as being a range of 7 to 47.8°C, and an op--

timum of 37°C. The corresponding values for enterotoxin
production were a range of 10 to 46°C, and an optimum of
40 to 45°C. Using brain Heart Infusion (BHI) broth, Mc-
Lean et al. (66) found that the amount of growth obtained
after 112 h with incubation temperatures of 16, 20 or 37°C
was similar, but the amount of SEB synthesized decreased
markedly with decreasing temperature. The level of SEB
production detected was 8, 20, and 340 pg/ml at 16, 20
and 37°C, respectively. Similarly, Hojvat and Jackson (40)
reported that SEB production in agitated BHI cultures was
1000 pg/ml after 48 h at 35°C, while incubation for up to
8 d at 30, 25 and 20°C resulted in toxin levels of 300, 150,
and 25 pg/ml, respectively. No enterotoxin was detected
within 8 d in cultures incubated at 15°C. Also employing
BHI, Scheusner et al. (87) reported that temperature ranges
for growth and toxin production by SEA, SEB, SEC, and
SED-producing strains were similar, though not identical.
Using casein hydroiysate ‘medium, Dietricir et al. (27)
found that temperatures of 25 to 40°C. supported approxi-
mately the same amount of growth after 25 h, while de-
creasing the temperature to 20°C, resulted in a 50% de-
crease in growth. SEB production was greatest at 37°c, and
and a 2°C differential (i.e., 35°C) resulted in an approxi-
mate 50% reduction in enterotoxin production. Incubation

temperatures of 20 and 40°C reduced SEB production by
99 and 60%, respectively, and no growth or toxin produc-
tion was evident at 45°C. However, Vandenbosch et al.
(101) reported that the optimum temperature for SEB and
SEC synthesis in casein hydrolysate medium was 40°C,
with no toxin being detected at either 10 or 50°C. Hughes
and Hurst (43) found that the optimum temperature for
SEA and SEB production in broth cultures was 43 and
39°C, respectively.

Results from studies employing microbiological media
as model systems suggest that (a) the optimum temperature
for enterotoxin production is a few degrees higher than that
for growth, and (b) temperature changes affect enterotoxin
synthesis more strongly than growth. Results from model
system studies appear to be in fair agreement with those
obtained from investigations employing actual food sam-
ples.

The temperature range supporting S. aureus growth in a
variety of foods (sterile custard, ham salad and chicken a
la king) was 6.7 to 45.6°C (2), with no growth being de-
tected at temperatures <5.6°C. Donnelly et al. (29) found
that pasteurized milk inoculated with S. aureus (10%/ml)
had detectable levels of SEA in 12 h when incubated at
35°C, while toxin was detectable after 18, 24 and 48 h
when incubated at 30, 25 and 20°C, respectively. Neither
growth nor toxin production were observed after 168 h at
10°C. Donnelly et al. (29) also demonstrated that with a

" higher initial inoculum level (10%ml), SEA was detected

sooner at all incubation temperatures except 10°C, where
growth and toxin production were again not detected.
Scheusner and Harmon (86) found that vanilla pudding in-
oculated with S. aureus (10°/g) supported SEA, SEB, SEC
and SED production over a range of 10 to 45°C.

Genigeorgis et al. (33) found that hams stored anaerobi-
cally at 10, 22 and 30°C supported growth and SEB pro-
duction. Interestingly, many ham samples contained no de-
tectable levels of enterotoxin even though S. aureus had at-
tained populations normally associated with toxin synthe-
sis. As previously suggested, it appears that there may be
one or more unidentified factors in hams (and probably
other foods) that influence enterotoxin production without
affecting growth. Identification of these factors might lead
to development of improved methods for controlling
staphylococcal food poisoning.

Foods subjected to temperature abuse (>10°C) must be
considered potential candidates for staphylococcal - en-
terotoxin production, with the ensuing possibility for a
food poisoning outbreak. The literature. suggests that the
amount of enterotoxin synthesized by S. aureus decreased
dramatically when the microorganism is grown at 20 to

~ 25°C, even though final cell densities are similar over a

wide range of temperatures. However, even at the lower
temperature ranges, an extended temperature abuse period
could allow sufficient toxin synthesis to pose a food
poisoning risk. Bergdoll (8) concluded that less than 1 pg
of enterotoxin/100 g of food will produce food poisoning
symptoms in sensitive individuals. Whether the reduction
in enterotoxin production at lower temperatures is due to a
direct effect on toxin biosynthesis or the result of some



change in the physiological or nutritional status of the
microorganism remains to be elucidated.

ACIDITY

Tatini (91) indicated that the optimum pH for S. aureus
growth was between 6.0 and 7.0, but the microorganism
could grow over a pH range of 4.0 to 9.8. As a general
“‘rule of thumb,’” when other cultural parameters become
non-optimal, the pH range tolerated by S. aureus is re-
duced. For example, Genigeorgis (3/) found that the low-
est pH that permitted growth and enterotoxin formation by
aerobically cultured cells was 4.0, while the lowest pH
values that supported growth and enterotoxin production in
anaerobic cultures were 4.6 and 5.3, respectively.

In casein hydrolysate medium, Kato et al. (56) found
that initial pH values of 5.0 to 8.0 yielded similar amounts
of SEA production. Using a variety of media, Reiser and
Weiss (85) also found that production of SEA was inde-
pendent of initial pH when it was within the range 5.3 to
6.8. Production of SEB was influenced to a greater extent
by initial pH as compared to SEA. Using BHI, Genigeor-
gis and Sadler.(32) found that SEB production was similar
over an initial pH range of 6.0 to 6.9, but decreasing the
PH to 5.5 resulted in a 4-fold decrease in toxin formation.
No SEB production was detectable in conjunction with an
initial pH of 5.1. Scheusner et al. (87) found that SEB
could be detected in 4 to 6 h in BHI cultures (37°C) ad-
justed to pH 7.14 to 7.95, while no toxin synthesis was de-
tected in conjunction with initial pH values of 5.02 or
9.08. Reiser and Weiss (85) found that an initial pH of 6.8
gave higher yields of SEB and SEC than initial pH values
of 5.3106.0.

Barber and Deibel (6) found that the lowest pH values
that supported SEA, SEB, SEC, and SEE synthesis in buf-
fered BHI medium incubated aerobically were 4.9, 5.0,
4.9 and 4.8, respectively. Anaerobically, the minimum pH
for SEA, SEB and SEC, production was 5.7, while the
minimum for SEE was 6.0. However, strain differences
were observed, with the minimum pH for SEA production
ranging from 4.9 to 5.7 aerobically, and 5.7 to 7.0
anaerobically.

The pH optimum for SEA synthesis by nonreplicating
cells of S. aureus in either the presence or absence of a nit-
rogen source was between 6.6 to 7.0 (70). The optimum
pH for SEB production by nonreplicating cells was be-
tween 8.0 to 8.5 in the absence of a nitrogen source, but
7.0 to 7.5 when a nitrogen source was included (69).

Using a fermenter containing casein hydrolysate
medium, Metzger et al. (72) and Carpenter and Silverman
(16,17) found that the highest concentrations of both SEA
and SEB were produced when the pH-was* maintained ‘at
7.0. Holding the pH constant at 6.0 or 8.0 led to drastic
decreases in the amount of SEB produced (72). Jarvis et al.
(1) found that 3 of 5 SEA-producing S. aureus strains
produced more toxin when the pH was controlled at 6.5
(using a fermenter as compared to agitated flask cultures
where the pH was uncontrolled). The elevated production
of staphylococcal enterotoxins in pH-controlled environ-

ments may have significance in terms of food poisoning
outbreaks, since many foods are strongly buffered at pH
values between 6.0 and 6.5. Experimental determinations
of SEA-producing capacity of S. aureus strains may give
a false picture because these strains may produce little or
no toxin under conditions normally employed for culturing
the microorganism in the laboratory, but could produce
significant amounts of SEA in highly buffered foods.

Using SEA-, SEB-, SEC- and SED-producing strains of
S. aureus, Scheusner and Harmon (86) showed that en-
terotoxin was produced in a variety of foods having pH
values ranging from 5.5 to 6.6, but no enterotoxin was de-
tected in foods having a pH <5.0. Genigeorgis et al. 33
reported that the minimum pH for anaerobic production of
SEB in ham slices was 5.3 at incubation temperatures of
22 and 30°C, but 5.6 at 10°C.

The acidulant used to adjust the pH of a food may also
be a factor affecting enterotoxin synthesis. For example,
Tatini et al. (93) found that when milk was adjusted to pH
4.5, 5.0, 6.0 or 6.4 with HCI, SEA was produced at all pH
levels. However, when the milk was adjusted with lactic.
acid, growth and toxin formation did not occur at pH 4.5,
though toxin production was evident at the higher pH
levels.

High S. aureus counts and SEB production were
found in Swiss cheeses having pH values of 5.4 to 5.7
(96). Swiss cheese normally has a pH of 5.6 to 5.7, so in-
sufficient acid production does not appear to explain the
presence of enterotoxin in the cheeses. A large competing
inoculum of S. aureus in the milk, rather than starter cul-
ture failure, was the most probable reason for the SEB in
the cheeses. Todd et al. (96) concluded that in addition to
having an active starter culture, the level of S. aureus must
be minimized. Zehren and Zehren (105) found that the
level of titratable acidity was a better indicator than pH for
determining if Cheddar cheeses contaminated with S. au-
reus would support SEA production.

Only a limited amount of research has been done on the
relationship between pH and enterotoxin synthesis in
foods. Foods having pH values below 5.0 do not appear to
support enterotoxin synthesis. Thus fermented foods or
acidified foods (acetic or lactic acids) that have been prop-
erly prepared should not support enough S. aureus growth
to lead to enterotoxin biosynthesis, even if temperature-
abused (73). With fermented foods, a key determinant is
how quickly an inhibitory pH is reached. However, it is
important to note that many foods have pH values above
5.5, and if these foods are temperature-abused, enterotoxin
production may result.

SODIUM CHLORIDE

Tatini (91) reported that the optimum NaCl level for .
aureus growth was 0%, with a range of 0 to 20%. En-
terotoxin production was also optimal with 0% NaCl, but
occurred over a range of 0% to 10%. It should be noted
that S. aureus, like other microbial species, requires the
presence of various minerals, and presumably may require
trace amounts of both Na* and CI'. Over a sodium



chioride range of 0 to 10%, Markus and Silverman (70)
found that the amount of SEA produced per unit of cell
mass remained constant. Thus, as the NaCl increased, both
cell growth and SEA production decreased proportionally.

Using a SEA-producing strain of S. aureus, Hughes and

Hurst (43) found that the addition of 1. M NaCl (5.8%) in-
creased the microorganism’s upper temperature limit for
growth from 45.5 to 47.0°C. Similarly, the upper limit for
SEA production was raised from 45.5 t0 46.5°C. In this in-

stance, the salt may function to stabilize various enzymes. -

so that they were not denatured by the heat. Similar effects
were seen with a SEB-producing strain of S. aureus. Hurst
et al. (46) demonstrated that other salts (KCl, NH,Cl, and
MgCl,) were also effective at raising the temperature limit
for growth of a SEB-producing strain of 5. aureus.

McLean et al. (66) demonstrated that the final popula-

tion density of S. aureus cultures (as measured by Klett
meter) decreased by 20% when NaCl levels were increased
from 0% to 10%. However, SEB synthesis decreased from
approximately 500 pg/mi to 0 pg/ml with increasing NaCl
levels. It appears that unlke SEA formation, SEB produc-
tion is more strongly inhibited by NaCl levels than is
growth of the microorganism. '

Using BHI having initial pH values of 6.0 to 6.9,
Genigeorgis and Sadler (32) found abundant SEB produc-
tion after 48 h at 37°C in the presence of NaCl levels of 2
to 6%. SEB production was reduced with 8% NaCl, and no
toxin was detected in conjunction with 10% NaCl. When
the initial pH was adjusted to 5.5, progressively less SEB
was produced as the NaCl level was raised from 2 to 6%,
and no toxin was detected in conjunction with 8 and 10%
NaCl. At pH 5.1, no detectable SEB production was ob-
served with NaCl concentrations >2%. It appears that
there is an interaction between initial pH and NaCl concen-
tration that affects SEB synthesis.

Hojvat and Jackson (40) studied the effect of tempera-
ture and NaCl level on growth and SEB synthesis by S. au-
reus in BHI. The microorganism did not grow at 4°C over
an 8-d period, regardless of NaCl concentration. At 15°C,
growth occurred in conjunction with 0, 4 and 8% NaCl,
but not at 12%. At 20 and 35°C, growth occurred at all
NaCl levels tested (0 to 12%). In the absence of NaCl,
SEB was produced at 20 and 35°C, but not at the lower in-
cubation temperatures. At 4 and 8% NaCl, SEB was de-
tected at 35°C only, and no toxin was detected in conjunc-
tion with 12% NaCl, regardless of incubation temperature.

However, Baird-Parker(5) criticized the results of Hojvat:

and Jackson (40) because of the low sensitivity of the SEB
assay employed. Using ham slices, Genigerogis et al. 33

found that SEB was produced anaerobically at NaCl levels

‘ranging from 1.4 to 6.4%; however, many hams that fell
within that range of NaCl concentrations did not contain
detectable SEB levels, even though S. aureus growth was
such that enterotoxin synthesis could be anticipated. The

lack of SEB production did not appear to be related to pH,

 nitrite levels or incubtion temperature of the ham slices.

. Using large inocula (10%/ml) of S. aureus, Genigeorgis

et al. (39) demonstrated that casein hydrolysate medium

containing 0, 4 and 8% NaCl, and adjusted to initial pH

values from 4.5 to 8.5, supported SEC production. When
the NaCl concentration was increased to 10%, the pH
range that supported SEC production was reduced to 5.5 to
7.3. No enterotoxin production was evident at 12% NaCl,
regardless of initial pH.

Growth of SEB-producing S. aureus appears to be less
affected by NaCl levels than is toxin production
(35,40,66). On the other hand, growth and enterotoxin
production seem to be equally affected in SEA-producing
strains (70). Thus the response of S. aureus to NaCl levels’
appears to be dependent on the serotype of the enterotoxin
produced. Neither growth or SEA (70) and SEB (66) pro-
duction appear to be affected by the presence of 200 ppm
nitrite or 1000 ppm nitrate. Other compounds used in pro-
cessed meats to not appear to have been studied for their
effects on staphylococcal growth and enterotoxin synthe-
sis.

Recently, in an attempt t0 reduce the consumption of
sodium, it has been suggested that the sodium chloride
added to foods be replaced partially or completely by KCl,
CaCl,, MgCl,, or a combination of salts (80). However,
the effect of these salts on staphylococcal growth and en-
terotoxin formation is not known. In one of the few studies
on this topic, Morita et al. (75) demonstrated that addition
of Mg* * to growth media stimulated production of en-
terotoxin by S. aureus. It appears prudent to recommend
that before any extensive substitution of NaCl by other
salts is made, the effect of these NaCl-replacements on S.
aureus (and other foodborne pathogens) be evaluated.

WATER ACTIVITY

Probably more than any other food poisoning bacteria,
S. aureus has been examined extensively for its ability to
tolerate decreased water activities (ay). This interest is
largely due to the microorganism’s ability to grow over a
much wider a, range than other food-associated patho-
gens. The optimum 2 for S. aureus growth is >0.99, with
a range of 0.83->0.99 (91). The requirement for enteroto-
xin formation is similar, with an a,, range of 0.86->.99,

and an optimum of >0.99.

Using NaCl as a humectant, Troller and Stinson (100)

" found that decreasing the ay, of casein hydrolysate medium

from 0.996 to 0.91 had only 2 slight effect on growth of
a SEA-producing strain of S. aureus. However, cell pro-
tein levels were decreased 2-fold, and SEA production was

 reduced 5-fold. Similar experimentation with a SEB-pro-

ducing strain again indicated little effect on growth, but
cell protein and SEB levels were decreased 2-fold and 43-
fold, respectively. Troller and Stinson (100) concluded that
SEB production is more sensitive than SEA to ay modifi-
cation.

The amount that the ay of a system can be reduced and
still support staphylococcal growth is generally greatest
when the microorganism’s other environmental and nutri-
tional parameters are optimized. When these parameters
deviate from their optima, the minimum a,, tolerated by S.



aureus 18 elevated. Some of the parameters identified as in-
fluencing the minimal a,, requirements of S. aureus include
atmospheric composition, temperature, humectant employ-
ed and initial pH. Genigeorgis (31 ) reported that the mini-
mal a,, for staphylococcal growth under aerobic conditions
was between 0.83 to 0.86, but with anaerobic conditions
the minimal a,, was 0.90. Using a mixture of NaCl, KCl
and Na,SO, to adjust the a,, of a broth, Lotter and Leistner
(64) determined that the minimum ay, for both growth and
SEA synthesis of two strains of S. aureus cultured at 30°C
was between 0.864 to 0.867. At 25°C, the minimal a,, in-
creased to between 0.870 and 0.887. Troller (97) reported
that minimum a,, for SEB production was 0.98 to 0.99
when glycerol was used to adjust a,,. However, when NaCl
was used, the minimum a,, was 0.90 to 0.92, and a mix-
ture of NaCl, KCI and Na,SO, permitted enterotoxin pro-
duction at an a, <0.90 (98). Troller (98) reported that
when the pH of a broth system was decreased from 6.8 to
5.6, the minimal a,, for SEB production was increased
from 0.92 to 0.94, using either NaCl or a salt mixture as
the humectant.

Tatini (91) reported that S. aureus grew in cured beef
slurry adjusted to an a,, of 0.86, but not 0.82. SEA was
produced at an a, of 0.88, but not 0.86. . aureus was
able to better tolerate reduced ay in cured pork slurry, with
the minimal a,, for growth and SEA production being 0.83
and 0.86, respectively (91).

Lee et al. (62) studied growth and SEA production by S.
aureus in precooked bacon. Various ay levels were at-
tained by altering the duration of the precooking cycle.
With bacon stored at 37°C, the minimum a,, values for
staphylococcal growth were 0.84 and 0.90 for aerobic and
anaerobic (vacuum canned) storage, respectively. In gen-
eral, as the temperature of storage decreased, the limiting
ay, increased. For example, the minimum a,, values for the
aerobic and anaerobic storage of bacon at 20°C were 0.88
and 0.91, respectively. Lee et al. (62) found that the mini-
mum a,, values for SEA production in bacon stored aerobi-
cally and anaerobically at 37°C were 0.84 and 0.90, while
at 20°C, the values were 0.88 and 0.94; as the ay, of bacon
decreased, the amount of SEA produced was decreased. At
comparable a,, values, more SEA was produced at 37°C
than 20°C. Formation of enterotoxin in precooked bacon is
of concern because it is unlikely that additional cooking of
the product would result in a significant inactivation of the
heat-stable toxin. ‘

Using glycerol to adjust shrimp slurry to various water
activity levels, Troller and Stinson (99) found that growth
of an SEA-producing strain of S. aureus occurred at an a,,
of 0.93, but not 0.89. SEA was synthesized at an a,, of
0.95, but not 0.93. The amount of SEA produced in the
shrimp slurry ranged from 0.06 to 0.04 ng/108 cells when
the a,, was reduced from 0.99 to 0.95. Troller and Stinson
(99) also reported that in potato dough adjusted with
glycerol, staphylococcal growth and SEA production oc-
curred at 37°C in conjunction with an a,, of 0.93, but at an
ay of 0.88, growth or enterotoxin were not detected. Trol-
ler and Stinson (99) also did similar experimentation em-
ploying a SEB-producing strain of S. aureus. In shrimp

slurry incubated at 37°C, growth occurred at an a,, of 0.91,
but not 0.89, and SEB production was detected at an a,, of
0.93, but not 0.91. The amount of SEB detected was 1.57,
0.80, 0.83 and 0.75 ug/10% cells for a,, levels of 0.99,
0.97, 0.95 and 0.93, respectively. In potato dough, abun-
dant S. aureus growth was found in conjunction with a,,
values ranging from 0.88 to 0.97; however, SEB produc-
tion was only evident at a,, =0.97.

It is apparent that modification of ay, can lead to an in-
hibition of enterotoxin synthesis without a concomitant in-
hibition of growth (and growth related biochemical reac-
tions). The mechanism underlying this differential re-
sponse has not been determined, though the observation
that different solutes have different effects on enterotoxin
synthesis suggests that both physical and physiological ef-
fects play a role in the inhibition of enterotoxin biosyn-
thesis. It is possible that by careful selection of humectants
used to produce intermediate moisture foods, manufactur-
ers can formulate products that limit the ability of S. au-
reus to produce enterotoxins, thereby reducing the risk of
staphylococcal food poisoning.

MINERAL IONS

Only a limited amount of experimentation has been di-
rected toward determining how various cations and anions
can influence growth and enterotoxin formation by S. au-
reus. Siderophores, bacterial iron chelating agents, have
been detected in S. aqureus (67,71), but their chemical
structures and mechanisms have not been identified. Pre-
sumably, chelators of other metallic ions are also present in
staphylococci.

Morita et al. (75) reported that addition of magnesium
ions to casein hydrolysate medium stimulated SEB and
SEC production but had no effect on SEA synthesis. Addi-
tion of Fe* * increased SEB synthesis, but did not influ-
ence the levels of SEA and SEC. Using a chemically de-
fined medium, Keller et al. (57) found that increasing the
levels of Mg* * (0.4 to 1.5 mM), PO, (1.44 10 2.87 mM)
or K™ (1.5 to 30 mM) resulted in a doubling of SEB syn-
thesis. Addition of other trace metals did not affect SEB
production.

Considering that the presence of mineral ions greatly in-
fluence both growth of microorganisms and their ability to
synthesize extracellular products, it is surprising that there
are so few studies examining the effects of mineral content
on S. aureus. This appears to be an area that warrants
further research.

SUBLETHAL INJURY

When S. aureus is subjected to sublethal stresses such as
heat, cold, freeze-drying, irradiation, or chemicals, it dis-
plays evidence of injury (i.e. inability to form colonies on
media containing high levels of NaCl) (15,44). A major
manifestation of injury in S. awreus is loss of membrane
integrity. Thus cell components such as nucleic acids,
amino acids, peptides, membrane lipids and ions can be
found in the extracellular environment as responses to in-



jury in S. aureus (42,45,47). Injured S. aureus cells have
minimal metabolic capacity (12), and there is no synthesis
of enterotoxins. However, when injured cells are removed
from the stress-producing environment (or the stress is
eliminated), they undergo repair, regain salt tolerance, and
reinitiate growth. With heat-injured cells, repair occurs
when the microorganism is transferred to a medium con-
taining a source of amino acids, glucose, phosphate and
magnesium (42,47).

" Collins-Thompson et al. (26) demonstrated that when S.
aureus was heat-injured and then transferred to micro-
biological medium, the bacteria repaired injury and sub-
sequently grew and produced SEB. Injured cells underwent
a 5- to 6-h lag before growth was initiated, and there was
a delay in enterotoxin production as compared to uninjured
controls. This lag period presumably represents the time
duration needed to accomplish repair. Once the injured
cells reinitiated growth, their growth and SEB synthesis
were similar to those observed for uninjured cells. Fung
and Vandenbosch (30) have shown that S. aureus cells in-
jured by freeze-drying synthesized SEB when the cells
were rehydrated and allowed to repair. Thus the results ob-
tained by Collins-Thompson et al. (26) and Fung and Van-
denbosch (30) suggest that S. aureus injured by food pro-
cessing procedures could potentially repair and initiate
toxin production in foods. Recent work in our laboratory
with single cell isolates of injured S. aureus that have been
allowed to recover indicates that the injury process does
not affect the microorganism’s potential for producing en-
terotoxin.

There do not appear to have been any documented cases
of staphylococcal food poisoning that has involved foods in
which injured S. aureus have repaired, grown and produc-
ed enterotoxin. However, such outbreaks have occurred
with other food poisoning microorganisms (e.g., Sal-
monella), and it must be presumed that a similar potential
exists for S. aureus. If a food is underprocessed, resulting
in injury instead of lethality to S. aureus, subsequent tem-
perature abuse could produce conditions leading to poten-
tial food poisoning problems. The actual significance of

sublethal injury for S. aureus and other pathogens in foods -

needs further clarification.
CONCLUDING REMARKS

Past research has demonstrated that growth and enteroto-
xin production by S. aureus are influenced by a variety of
environmental and nutritional factors including tempera-
ture, pH, ay, salt levels, inoculum size, competing micro-
biota, atmospheric composition and carbon and nitrogen
sources. However, this work has largely been done in
microbiological media where conditions other than the

ones being tested are optimized. Whether or not this ap-

proach is valid to determine how the microorganism will
behave in a food has only been tested to a limited extent.
There are suggestions that additional primary and interac-
tive effects need to be characterized in various foods. Ade-
quate characterization of the factors influencing
staphylocobcal growth and toxin synthesis in foods should

then allow a more rational means of modifying formulation
and processing parameters tO better protect consumers
from the potential for staphylococcal food poisoning. Of
particular interest is identification of interactions between
the various factors affecting the bacteria. This would allow
optimization of anti-staphylococcal activity by manipula-
tion of multiple environmental and nutritional parameters.
In this manner, the microbiological safety of specific foods
can be more accurately predicted, thereby allowing a more
rational means of optimizing both safety and production
considerations. This coordinated approach to preservation
would appear to offer significant advantages, and should
be a viable approach if there is an adequate understanding
of the factors that influence the growth of foodborne patho-
gens in foods. Hopefully, future reearch will be directed
towards determining the various primary and interactive ef-
fects that can be manipulated to control S. aureus and other
pathogens in foods.
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